Random-dot kinematograms were used to estimate infants' thresholds for shearing motion in the absence of flicker and position cues. The principal advantage of these stimuli is that changes in dot position are camouflaged by the presence of numerous matching dots, thus necessitating the detection of motion before the extraction of local pattern features. Thirteen-and 20-week-old infants were tested with a forced-choice preferential looking technique. The target stimulus resembled a vertically oriented corrugated pattern that oscillated at 1 Hz, if, and only if, shearing motion was detected. Infants were tested at different velocities, ranging from 0.77s to 5.67s, and the results revealed minimum velocity thresholds of 3.57s and 1.2°/s for 13-and 20-week-old infants, respectively. Possible interpretations for these results based on position-or flicker-sensitive mechanisms are considered and are found inconsistent with the overall pattern of results. It is concluded that infants detect shearing motion in random-dot displays with a motion-sensitive mechanism.
Visual perception begins with the projection of 3-D objects and surfaces onto the retina of the observer, where a 2-D image is formed. Yet, unlike a camera image, the resulting retinal image is rarely static; the eyes and head of the observer are almost always moving, and often, so are the objects that are the targets of one's visual regard. Accordingly, much of the visual information available to the observer begins as image motion on the retina.
This information is used to specify many variant and invariant properties of the visual world, including surface segregation, self-motion, relative depth, and time to collision. Paradoxically, the status of image motion as a fundamental source of visual information was contested until recently (cf. Nakayama, 1985) . In contrast to stereopsis or color vision, motion need not be an immediate experience but rather could be derived from changes in position over time. Consider, for example, the two hands of a clock. Whereas the second hand appears to undergo continuous movement, the minute hand changes position much more slowly, and its movement can be derived only from a comparison of past and current positions. For quite some time, it was considered conceivable that all image motion was processed in a manner analogous to the perception of the moving minute hand on a clock. Although the data accumulated over the past two decades clearly refute this position with regard to adult processing of moving stimuli (Cutting, 1987; Nakayama, This research was supported by National Institute of Child Health and Human Development (NICHD) Grant HD16195, NICHD Career Development Award HDOO678, a Cattell Sabbatical Award to Bennett I. Bertenthal, and National Institute of Mental Health Predoctoral Fellowship MH18242 to Anne Bradbury.
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In this article, we investigate infants' perception of image motion by using random-dot stimuli. Typically, it is possible to detect a moving stimulus by matching unique features, such as oriented lines or texture edges, at successive locations over time. The principal advantage of random-dot stimuli is that changes in dot position are difficult to detect, because they are camouflaged by the presence of numerous matching dots. Accordingly, these stimuli necessitate the detection of motion before the extraction of local pattern features. This manipulation is essential to clarifying the processes responsible for motion perception in infants.
Evidence for Motion Perception by Infants
In general, motion perception refers to the extraction of information from the continuously transforming retinal image (Nakayama, 1985) . The recent motivation for learning about basic processes governing motion perception in infants derives from the accumulating evidence that this perceptual process is used for a multiplicity of functions. Some of the first functions documented by researchers include the role of motion in eliciting attention (Haith, 1966) and driving eye movements (Aslin, 1981; Dayton, Jones, Steele, & Rose, 1964; Kremenitzer, Vaughan, Kurtzberg, & Dowling, 1979) . Image motion is also used in the perception of self-motion and control of posture (Bertenthal & Bai, 1989; Lee & Aronson, 1974; Stoffregen, Schmuckler, & Gibson, 1987) , as well as in the perception of object approach and withdrawal (Kellman, Hofsten, & Soares, 1987; Yonas, 1981) . Some of the most recent and provocative findings suggest that image motion is used for specifying the 3-D structure and unity of objects (Arterberry & \bnas, 1988; Bertenthal, in press; Kellman, 1984; Kellman & Spelke, 1983) . For example, a moving display consisting of 11 points of light that appear to be located at the major joints and head of a person walking is seen as a coherent 3-D form by infants (Bertenthal, Profntt, Spetner, & Thomas, 1985) ; yet, this same dis-play presented as a static configuration is not perceived as anything coherent (Bertenthal, Proffitt, & Cutting, 1984) . Also, image motion is used for segregating surfaces that are devoid of featural cues and are not differentiable when static (Craton & Yonas, 1988; Kaufmann-Hayoz, Kaufmann, & Stucki, 1986) . More generally, image motion provides information about surface layout, self-motion, as well as the actions of people and other objects in the environment.
To continue to make progress in the study of the perception of image motion, one must learn more about the processes used by infants for the detection of motion. However, progress has been slow in coming, because it is difficult to isolate the perception of motion from other correlated changes in the retinal image, such as local flicker (i.e., temporal modulation of luminance at a specific location in the retinal array) or spatial displacements of discriminable pattern features. For example, some earlier studies (e.g., Volkmann & Dobson, 1976) were conducted to assess minimum velocity thresholds, but the results are equivocal because moving stimuli, such as an oscillating checkerboard, were contrasted with static stimuli, such as a stationary checkerboard. As such, differential responsiveness to the two stimuli could have been a function of differences in perceived velocity, but these response differences could also have been a function of variations in the flicker rate at individual locations in the displays. Another possibility is that infants detected that local features were displaced different distances as a function of different velocities. In general, local flicker and spatial displacements of features covary with motion, which thus implies that both factors must be controlled when assessing the detection of motion. Aslin and Shea (1990) conducted a study of minimum velocity thresholds in 7-and 12-week-old infants in which they controlled for the covariation of local flicker and velocity. Infants viewed a display consisting of five panels of horizontal stripes in which one of two panels underwent vertical motion at a constant velocity. Two different stripe widths were used at each velocity so that two different flicker rates were associated with each velocity. The results revealed that infants responded to the velocity and not to the flicker rate of the displays. Velocity thresholds were interpolated from the results and were reported to be approximately 9°/s in 7-week-old infants and approximately 47s in 12-week-old infants. This study represents an important advance in the understanding of motion detection, because it eliminates local flicker detection as the cue used by infants for discriminating moving displays. However, it is important to note that this study remains inconclusive as to whether infants truly detected changes in the velocity of the stripes or instead detected only changes in the distances that the stripes were displaced.
Some progress in disentangling these latter two mechanisms was made by Dannemiller and Freedland (1989) , who tested infants for their preferences between a moving and static bar. The moving bar was displaced through one of four distances before reversing and traveling in the opposite direction; these displacements were crossed with four different velocities such that each infant was shown 16 different displays. The results revealed that 16-and 20-week-old infants showed preferences that were determined by the velocity of the moving bar, but they were unaffected by the distance that the bar moved. The minimum velocities eliciting preferences were interpolated from the data to yield values of 5.08°/s and 2.327s at 16 and 20 weeks, respectively.
In another experiment, Dannemiller and Freedland (1991) investigated infants' sensitivity to relative motions by using a display consisting of two panels of five horizontal bars. The middle (target) bar in one of the two panels moved up and down at a different velocity than the other bars. Infants at 8 and 20 weeks of age detected the differential velocity of the target bar from the four surrounding bars as long as the target bar was moving. Differential motion was not detected, however, when the surrounding bars moved and the stationary target bar remained stationary. This was true even when the displacement of the target bar relative to the surrounding bars was equivalent to the relative displacement that occurred when only the target bar moved. Thus, these results are also inconsistent with the possibility that infants use position cues for discriminating stimulus velocities.
Two Systems for Motion Perception
Although the previously reviewed research confirms that infants are sensitive to image motion, questions remain about the specific process responsible for this sensitivity. The consensus among researchers studying motion perception is that two separate processes are available for detecting motion. Braddick (1974) was one of the first to propose that motion is detected by two very different processes dubbed short-range and long-range processes. The former process is restricted to detecting spatial displacements limited to 15 arc min in the fovea and interstimulus intervals (ISI) of no more than 100 ms (Braddick, 1973 (Braddick, ,1974 . This process is ideally designed to detect changes on a point-by-point basis with some form of a cross-correlational procedure, such as the one proposed by Reichardt (1961) and extended by Adelson and Bergen (1985) and Santen and Sperling (1985) . In contrast, the latter long-range process is analogous to classical apparent motion in which the spatial limit of the displacement is many degrees and the ISI lasts up to 300 ms (Anstis, 1978) . This motion process is based on detecting higher order correspondences, such as texture and stereo edges; it does not operate when only random dots are present (Anstis, 1980) . For the purposes of this discussion, the most important difference between these two processes is that motion detection precedes edge or form detection in the shortrange process, whereas the reverse is true in the long-range process (Anstis, 1980) . This processing distinction is illustrated in Figure 1 .
To ensure that an observer is using the short-range process when viewing a moving display, one must use a stimulus display devoid of any edge information at a given instant in time. One successful strategy for meeting this objective is to use a randomdot kinematogram, which corresponds to a motion analogue of the random-dot stereogram developed by Julesz (1971) . Random-dot kinematograms are composed of a random arrange- ment of light and dark elements corresponding to an irregular checkerboard pattern (see Figure 2 ). Delimited regions within this pattern are shifted by a fixed amount in the same direction on successive frames; the other portions of the pattern are filled with a new random-dot arrangement on successive frames. Those regions that are coherently displaced within the spatial and temporal limits of the short-range process are perceived as a shape segregated from the other elements in the display by a clear boundary. Note, no shape or edges are present in any single pattern, because the spatial distribution of the dots within each pattern is random. The shape is defined only through a comparison process in which the visual system detects the correlation between successive patterns. Logically, the comparison process used by the visual system for perceiving coherence must be one that integrates over extended spatial regions. The reason that this integration is necessary is that these displays are fairly dense, and thus, each dot in one pattern can be matched to multiple partners of the same brightness (light or dark) in the next pattern without exceeding the spatial limits of the short-range process. The matching of dots to these false targets would lead to the perception of incoherent motion. For the visual system to detect a uniform displacement, it is necessary that the selection process integrates information spatially from an extended region so that a pooling of the possible pairings will resolve the ambiguities of the local pairings. This pooling of local pairings is referred to as a global process, and it is the necessity of this process that further delineates the use of random-dot kinematograms from other stimuli, such as lines and bars, in the study of motion detection. In these other stimuli, the individual features are differentiable, and thus false targets on successive frames are not a significant problem. It is thus possible to detect motion in these stimulus displays by using a local process that does not pool across individual features.
Statement of the Problem
Previous research with infants identified minimum velocity thresholds with displays in which information was available for activating both the short-and long-range processes. The purpose of the present experiment was to assess infants' slow motion thresholds using only information available to the shortrange motion system. By comparing these assessments to those previously reported, we could evaluate whether thresholds are elevated when information necessary for the long-range motion system is eliminated.
A variation of the previously described random-dot kinematogram was used in this research. This display was first described by Nakayama and Tyler (1981) , and it consisted of a random-dot kinematogram in which adjacent columns of elements moved vertically at different velocities varying according to a sinusoidal function (see Figure 3 ). In essence, this display is seen as a vertically oriented pattern that appears corrugated in depth if the differential velocities are detected. If all of the elements move at the same velocity, then a stimulus display resembling a patternless flat sheet is produced. Previous research reveals that young infants show reliable preferences for patterned displays; thus, we expected that infants would be well motivated to show preferential looking to the more patterned of the two random-dot displays. A forced-choice preferential looking paradigm was selected so that we could administer a suffi-cient number of trials to assess motion sensitivity across a range of velocities to 13-and 20-week-old infants.
TARGET STIMULUS

Method Subjects
Twenty-three 13-week-old and twenty-one 20-week-old infants were tested. Infants were recruited from birth records in the local newspaper and were from middle-to upper-middle-class White families. Testing of each infant was completed in two or three laboratory visits that occurred within a 1-week period.
Two criteria were used for including data from an individual infant: (a) Performance was 75% correct or better on baseline trials, and (b) at least 12 of the 15 trials were completed for each velocity condition. Five 13-week-old (23%) and six 20-week-old (27%) infants failed to reach the 75% correct baseline criterion. Eight 13-week-old (35%) and five 20-week-old (24%) infants completed less than 12 trials per velocity condition. The data from one additional 20-week-old infant was excluded because of excessive fussiness. The final sample consisted of 10 infants who were 13 weeks old (M = 13.5; SD = 0.38 weeks) and 10 infants who were 20 weeks old (AT = 20.9; SD = 0.37 weeks). In the experiment, a four-cycle display was used. Also note that the gridlike distribution of the velocity vectors is produced for expository purposes. In the displays shown to infants, the velocity vectors correspond to elements that are randomly distributed.)
RGB color monitors (12-in. rasters; 320 X 200 pixel resolution) for displaying the stimuli through rectangular windows cut into the front panel. The monitors were aligned side by side at a height that placed them at the infant's eye level; they were positioned 48 cm apart and 52 cm from the infant. An opaque screen was placed on top of the two side walls in such a way that it was above the top of the two monitors but below the eye level of the observer who was seated directly in front of the open side of the chamber. All panels inside of the chamber were painted flat black to minimize reflections from the two monitors. The infant sat on the observer's lap and had an unobstructed view of the two stimulus monitors; the observer was shielded from seeing the monitors by the top of the viewing chamber.
A. A Sony AVC 3260 low-light camera with an 8.5-mm F1.5 lens was located behind a small circular opening in the front panel and was directed at the infant's face. The output from this camera was transmitted to a Panasonic WV5400 video monitor that was located above the looking chamber directly in front of the observer. This arrangement enabled the observer to monitor continuously the infant's face during the trials. A diffuse light source was located below the looking chamber and illuminated the infant's face during the experiment. All other room illumination was turned off during the experiment.
The stimuli were created and presented with two AT&T 6300 Plus microcomputers. The two computers were networked so that they could be controlled simultaneously with a specially designed program. The program was designed to randomize the order of the stimuli and to control the presentation of the stimulus pairs on each trial.
Stimuli
On each trial, infants were presented with two random-dot kinematograms (a target and a foil) in which the probability density distribution of a light or dark element was 50%. Both displays measured 24.4? X 18.6°. The target was similar to the stimulus used by Nakayama and Tyler (1981) and consisted of eight vertical regions of random dots moving alternately up or down at different velocities and at a fixed rate of oscillation (see Figure 3) . The rate of oscillation was 1 Hz, which Nakayama and Tyler (1981) reported as an optimum temporal frequency for detecting velocity rather than spatial displacement. Within each region, adjacent columns of elements moved vertically at different velocities varying as a sinusoidal function of position. See Figure 5 for an illustration of how the random dots were differentially displaced over multiple frames to create a shearing (i.e., differential) velocity pattern.
3 Different targets were created by varying the maximum velocity associated with that display. For reference purposes, each stimulus will be identified by its peak velocity, even though most of the elements correspond to slower velocities.
Four different stimulus velocities were used in testing 13-week-old infants: 1.6°, 2.2°, 3.7°, and 5.67s. Five different stimulus velocities were used in testing 20-week-old infants: 0.7°, 1.1°, 1.4°, 1.9°, and 2.8%. These values were selected on the basis of extensive pilot testing and previous findings reported in the literature (Aslin & Shea, 1990; Dannemiller & Freedland, 1989) .
The foil was designed to match its corresponding target display on all spatial and temporal parameters except for the absence of different velocities. In this display, the instantaneous velocity of each individual element corresponds to the maximum velocity in the target display (see Figure 3 ). As such, the display resembles an oscillating "flat sheet" or patternless surface that adult observers perceive as very different from the corrugated pattern produced by the target display.
3 Spatial frequency of the sinusoidal velocity function was 4 cycles/ screen (0.16 cycles/"). The instantaneous vertical velocity of one element (9.2 X 11.2 arc min) is described by Y = A sin (2ir/;/) sin (2ir£X), where temporal frequency of oscillation (f,), spatial frequency (f s ), and amplitude (A), or the size of the vertical displacement, were controlled by computer. Time is represented by t and the horizontal position of each element is represented by X. The random-dot patterns were refreshed on the screen every 33.3 ms. Specific velocities were determined by changing the position of individual elements at some multiple of this frame rate. Displacements from frame to frame were fixed at 5.6 arc min for the stimuli shown to 20-week-old infants and 11.2 arc min for the stimuli shown to 13-week-old infants. These displacement values are close to the minimum spatial displacements detected by 13-and 20-week-old infants, respectively (Kramer & Bertenthal, 1989) . When an element was displaced past the top or bottom of the screen, it reappeared at the opposite edge in wraparound fashion. The stimulus displays used for the baseline trials were slightly different. The target display was divided into nine vertical panels (each subtending 2.7° X 18.6°) that alternated between coherently moving and static elements. The elements in the second and sixth panels oscillated up and down and 180° out of phase with the elements in the fourth and eighth panels. The foil display was identical in form to the one used on the test trials, that is, all elements moved coherently at the same velocity. Instantaneous velocities of the moving elements in the displays was 8.4°/s and 3.87s for 13-and 20-week-old infants, respectively.
The stimulus displays and velocities used in the baseline trials were selected after considerable pilot testing. This testing revealed that these displays elicited asymptotic performance by comparably aged infants. Thus, performance when viewing these displays was assumed to represent an upper bound on the infant's psychometric function for detecting moving displays.
Procedure
We used a modified forced-choice preferential looking paradigm (Teller, 1979) to assess infants' sensitivity to the different stimulus velocities. In this paradigm, an observer judges the position of the target stimulus on the basis of the infant's responses seen in the video monitor (see Figure 4) . The infant sat on the observer's lap and faced the two stimulus monitors. As soon as the stimuli appeared, the observer turned the infant toward each of the displays repeatedly until a judgment was made as to which monitor was displaying the target stimulus. This judgment was based on any of the available information in the video image of the infant's face (first looks, longest looks, distractability, cessation of rhythmic responses such as sucking or kicking, eye opening, etc.). Typically, judgments were made within 10 to 15 s after the stimuli appeared on the monitors.
During each stimulus presentation, a brief low frequency tone was synchronized to the change in direction of the target and foil to maximize infants' attention to the displays. Previous research reveals that infants show greater visual attention to a stimulus when it is accompanied by a synchronous auditory stimulus (Spelke, 1987) .
Each session began with a series of 10 baseline trials during which the baseline stimulus displays were presented. After the baseline trials, 13-week-old infants were administered 30 trials of the test displays, and 20-week-old infants were administered 37 or 38 trials on each of the two visits. Over the course of the two sessions, each stimulus pair corresponding to a different velocity was presented 15 times in a pseudorandom order in such a way that the target was presented on the same side no more than 4 trials in a row. This order constraint was designed to minimize the chances of the infant learning a position bias.
Short breaks in testing (1 -3 min) were taken after the baseline trials and after every 10 or 13 trials, depending on the age of the infant. If the infant became fussy or tired, the observer took additional breaks to comfort the infant. If the infant became too tired or fussy to continue, the session was terminated and the remaining trials were postponed until the next session. When the situation occurred during the second session, a third session was added (« = 3 for 13-week-olds and n = 1 for 20-week-olds).
Data Reduction
A correct trial was defined as one in which the observer judged the correct location of the shearing display on the basis of the infant's preference performance. For each infant, the percentage of correct trials was calculated for each velocity condition. In theory, these percentages were expected to index sensory thresholds to shearing motions, but it appears that they were affected by other factors, such as motivation and attention. The evidence for this conclusion comes from infants' preferences on the baseline trials in which performance was rarely assessed at 100% correct even though the stimuli were well above threshold. This finding thus suggests that the true distribution of scores for measuring sensory thresholds was compressed relative to the full range of scores that was available. As a consequence, the scores reported for each infant underestimated their true sensory sensitivity to each stimulus. To correct this problem, we developed a procedure for rescaling scores relative to the observed distribution of perceptual preference scores assessed for each infant. Corrected scores were calculated by rescaling the range of scores relative to the baseline performance of the infant. To maintain 50% as chance performance, we rescaled scores with 50% fixed as the true midpoint of the distribution. The formula used for correcting scores is as follows:
Corrected score = {[0.5*(5 -0.5)/(B -0.5)] + 0.5} * 100%, where S equals the observed proportion of correct trials for each velocity condition and B equals the observed proportion of correct trials for the baseline condition. The mean percentage correct for the baseline condition for 13-week-old infants was 80% (range = 75% to 90%); the mean percentage correct for 20-week-old infants was 91 % (range = 80% to 100%). Correlations between the original and corrected scores at each condition and at both ages were all above .90. It thus appears that the correction procedure produced similar effects on the distribution of scores across the different velocity conditions and ages.
Results
The principal goal of the data analysis was to demonstrate that preference scores improved with increasing velocity and that thresholds could be estimated from the psychometric functions. Both group and individual data based on the corrected scores are reported. 4 Figure 6 shows mean percentage correct as a function of velocity for 13-and 20-week-old infants, respectively. Each data point represents approximately 150 trials. We conducted a repeated measures analysis of variance at each age to assess whether performance varied as a function of velocity (scaled in log units). At both ages, the linear trend for velocity was significant, F(l, 9) = 7.16,/>< .01, and F(l, 9) = 29.08, p < .001, for 13-and 20-week-old infants, respectively. None of the higher order polynomial trends contributed significantly to the variance.
Motion thresholds based on 75% correct performance were interpolated from the graphs of the corrected scores presented in Figure 6 . This same procedure was used previously by Aslin and Shea (1990) for estimating thresholds when probit analysis proved unreliable (see later discussion of this issue). For 13-week-old infants, the minimum velocity threshold for detecting shearing motion was estimated to be 3.57s. For 20-week-old infants, the same threshold was estimated to be 1.27s. Individual performance profiles are displayed in Figure 7 for both 13-and 20-week-old infants. As can be seen, the variability in performance decreases as velocity of the displays increases. This finding is thus consistent with the previous analysis showing that performance improved with increasing velocities.
Tracing the performance of any one infant (specified by numbers 1-10) across the different velocities shows why probit analysis (which is typically a more sensitive procedure for assessing threshold performance) was not successful for estimating thresholds. As can be seen, a number of infants show reversals (or decreases) in their percentage correct as velocity increases. These reversals are not tolerated by probit analysis (Shea, 1989) , and hence the use of this analysis would have reduced further the number of infants contributing data to this study.
Discussion
Infants discriminated between the target and foil displays, as long as peak velocity in the target was above threshold, 3.57s or 1.27s for 12-and 20-week-old infants, respectively. The principal difference between the target and foil displays was that the former contained differential velocities whereas the latter did not. Both displays were created with random dots that contain none of the features (e.g., edges or shapes) necessary for processing long-range apparent motion. It is thus concluded that 13-and 20-week-old infants are sensitive to shearing motions specified by the short-range motion system.
Local and Global Differences
Local differences (or the differences between individual elements) between the target and foil displays cannot account for these results. Recall that individual elements were displaced by a fixed distance in both displays; thus differential performance cannot be attributable to differences in the spatial displacement of the individual elements. Conversely, the rate of element displacement or the local flicker rate varied between the target and foil. This occurred because all elements in the foil moved at a constant rate, whereas the elements in the target moved at different rates. However, it should be noted that this same difference was present across all velocity conditions; thus, local differences in flicker rate cannot account for the differential pattern of performance to different stimulus velocities either. Apparently, preference performance is attributable to a global detection process in which the local motion of individual elements are pooled to reveal a gradient of different velocities.
Of course, some additional variables covary with global changes in stimulus velocity. These variables include the amplitude or vertical distance traversed by the shearing motion, the gradient of temporal frequencies of the shearing motion, and temporal summation during the period of motion. Each is discussed in turn.
Spatial displacement. In the stimulus displays, temporal frequency was held constant at 1 Hz, which thus necessitated that the amplitude or total distance displaced for each element increased as velocity increased. Accordingly, it is possible that the pattern of preferences was a function of threshold sensitivity for spatial displacements rather than for velocity. We think this explanation is unlikely, because evidence from studies of vernier acuity with infants suggests that 13-week-old infants are sensitive to spatial offsets as small as 10 to 20 arc min, and 20-week-old infants are sensitive to spatial offsets as small as 5 to 10 arc min (Shimojo, Birch, Gwiazda, & Held, 1984; Shimojo & Held, 1987) . Note that these investigations used a moving as opposed to a stationary offset for assessing threshold performance; thus, the findings on vernier acuity cannot be dismissed as specific to only static displays. If infants were responding specifically to the spatial displacement or amplitude of the shearing pattern, then they should have shown significant preferences in every condition, because the smallest amplitudes used in the present investigation were well above vernier thresholds at both ages (44.8 and 22.4 arc min for 13-and 20-week-old infants, respectively). The finding that preferences were not observed in all conditions suggests that infants were responding to some variable other than the spatial displacement of the shearing wave.
Temporal frequency. We noted previously that the local flicker rate differed across the target displays, whereas no such difference occurred in the foils. Given the construction of the stimulus displays, the relative range of flicker rates was greater in the faster displays because elements were necessarily displaced more frequently. If infants were responding to this gradient of flicker, then we would expect that they would prefer only those targets with flicker gradients that were above threshold. It is unlikely, however, that any of the target displays involved flicker gradients that were below the threshold sensitivity of the infants. Banks and Dannemiller (1987) reported that 3-month-old infants are sensitive to flicker rates as high as 50 to 60 Hz. In the present study, none of the flicker rates were above 30 Hz, which thus places stimulus frequencies well within the threshold sensitivity of infants. Moreover, each display contained a range of flicker rates anchored by 0 Hz at the boundaries where local motion vectors changed direction, increasing to a minimum of 8 Hz for the slowest displays in the study. This difference between 0 and 8 Hz is surely detectable by 13 weeks of age (Banks & Dannemiller, 1987) , which suggests that a preference should have been manifested at every velocity condition. The finding that preferences were not present for the slower velocity conditions at either age suggests that infants were responding to some variable other than the gradient of flicker rates in the target stimulus.
Temporal summation. A final variable that is correlated with increasing velocity is the presentation rate of the randomdot patterns. A number of recent investigations suggest that threshold sensitivity for motion increases as the number of frames presented increases over some unit of time (Doom & Koenderink, 1982b; McKee & Welch, 1985; Nakayama & Silverman, 1984; Snowden & Braddick, 1989) . Snowden and Braddick (1989) presented two reasons for this effect of temporal summation. The first was based on recent evidence that motion units tuned to the same velocity vary with regard to spatial and temporal parameters. For example, a motion unit designed to detect a spatial displacement of 10 arc min over a temporal delay of 100 ms is tuned to the same velocity as a unit with a span of 5 arc min and a temporal delay of 50 ms. Thus, multiple frames improve threshold sensitivity because they stimulate a greater number of motion detectors with a wider range of spans and delays that are tuned to the same velocity. It is possible to eliminate this summation process by limiting correlations to single displacements in a multiframe display. The second temporal summation or recruitment process is unperturbed by this disruption of successive correlations. This process operates in terms of a global recruitment of motion units tuned to the same velocity. Multiple frames improve threshold sensitivity because previous stimulation biases the system to detect motion in a specific direction.
whereas the stimuli used in the present investigation were random dots. It is possible that vernier estimates would be higher with randomdot stimuli. Nevertheless, Nakayama and Tyler (1981) reported that the minimum spatial displacements used with their random-dot shearing displays compare quite favorably with assessments of vernier acuity in adults in which line stimuli were used. Comparable data are not available for infants, and thus, a definitive response to this objection cannot be provided at this time.
In the present investigation, the number of discrete frames used for generating a specific velocity increased as velocity increased (range = 4 to 15 frames per 500 ms half cycle). As such, the opportunity for temporal summation was greater for the displays with faster velocities. If temporal summation operates for infants as it appears to operate for adults, then velocity thresholds were possibly elevated because slower velocities were associated with less temporal recruitment. It is clearly not possible to resolve this issue based on the current data, but new studies are under way in our lab to clarify the relative importance of temporal summation in infants' motion perception.
Relative Versus Absolute Thresholds
It is important to emphasize that the possible contribution of temporal summation to preference performance is not inconsistent with the general conclusion that infants were responding to the differential velocities in the displays. \et, this issue highlights the difficulty in trying to assess absolute velocity thresholds in infants. In addition to specific factors, such as temporal summation, a number of nonspecific factors, such as motivation, influence the performance of infants. We attempted to control for some of these factors by adjusting preference scores in relation to baseline performance, but even with this correction we are doubtful that our results reflect true minimum velocity thresholds.
Although an assessment of absolute thresholds is questionable, an assessment of the relative change in thresholds between 13 and 20 weeks of age remains quite informative. Between 13 and 20 weeks, infants show almost a threefold increase in threshold detection of minimum velocities (3.5° vs. 1.27s). This finding suggests that motion sensitivity is clearly improving during this age period. At least two factors contribute to this developmental effect: (a) sensitivity to smaller displacements, and (b) increased neural connectivity in the visual pathways. 6 1. Kramer and Bertenthal (1989) reported that 20-week-old infants are more sensitive to a smaller minimum displacement (4nm) between frames for detecting coherent motion than are 12-week-old infants. Given that minimum velocity depends on the smallest span detected (Doom & Koenderink, 1982a) , it follows that threshold sensitivity for velocity will be poorer in younger infants who require a larger <4, in for detecting coherent motion. More generally, this finding is consistent with the finding of increasing spatial resolution of visual information during the first 6 months after birth (Banks, 1983) .
2. As we have repeatedly noted in this article, motion detection of random dots is a function of a global cooperative process. This implies that motion detection will depend on the density of the interconnections between motion units. It is fairly well established that these neural connections continue to develop during the ages that we tested (Banks, 1983) . As such, we would expect that the spatial recruitment of motion stimulation increases during this period of development. This increase in global cooperativity surely contributes to the increase in threshold sensitivity for slow velocities during this period of development.
A principal reason for assessing threshold sensitivities for velocity was for comparison purposes with other studies. Interestingly, our results are very similar to the thresholds reported by Aslin and Shea (1990) for 3-month-old infants (3.5" vs. 4.0°/s), but they are lower by almost a scale factor of two when compared with the thresholds reported by Dannemiller and Freedland (1989) for 5-month-old infants (1.2° vs. 2.3%). We suggest that the reason for this discrepancy is that the stimuli used by Dannemiller and Freedland contained motion in only one localized region of the display. Recall that this experiment assessed infants' detection of a moving as opposed to a stationary bar. In contrast, the study by Aslin and Shea used a display in which a column of horizontal bars was moving. As such, the probability of detecting motion in this display was significantly greater, because the column of motion covered a larger region of the visual field. Similarly, the stimuli used in the present study involved a global display of motion information. It thus appears that the use of global displays of motion represents an important factor when trying to maximize the chances of infants' detecting motion in a moving display.
In conclusion, we find that 13-and 20-week-old infants are sensitive to shearing motions in random-dot displays. This sensitivity is based on a motion-sensitive, and not a flicker-or position-sensitive mechanism. Moreover, motion is detected without the benefit of local cues or tokens that are used by the long-range apparent motion system for solving the correspondence problem. Instead, motion is detected on a point-by-point basis with a global cooperative process that establishes correspondence for the short-range motion system.
